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I will talk on my recent works. Axino, related to the SUSY transformation of axion, can mix
with Goldstino in principle. In this short talk, I would like to explain what is the axino mass and
its plausible mass range. The axino mass is known to have a hierarchical mass structure depending
on accidental symmetries. With only one axino, if GA = 0 where G = K + ln |W |
2, we obtain
ma˜ = m3/2. For GA 6= 0, the axino mass depends on the details of the Ka¨hler potential. I also
comment on the usefulness of a new parametrization of the CKM matrix.
PACS numbers: 14.80.Va, 12.60.Jv, 04.65.+e
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I. INTRODUCTION
In this talk I will concentrate on the questions, “What
is axino?, What is Goldstino?,” and “What is the axino
mass?”
Dark matter(DM) in the universe is the most looked-
for particle(s) in cosmology and at the LHC, and also at
low temperature axion search laboratories. The 100 GeV
scale weakly interacting massive particle(WIMP) [1] and
the 10-1000 µeV axion [2] are the most promising DM
candidates. In the top side of Fig. 1, we show the cold
DM(CDM) axion case [3]. For the WIMP, the idea has
been originated from the the heavy neutrino case [4] and
pointed out in [5].
For the case of axion, the axion potential is very flat for
a large axion decay constant compared to that of a small
axion decay constant, and the minimum is at the CP con-
serving point in the effective theory of QCD. [Note, how-
ever, that if the weak CP violation is considered, then
the minimum point is shifted a bit but far below the
current experimental limit on θ.] In the evolving uni-
verse, at some temperature, say T1, the classical axion
field 〈a〉starts to roll down to end at the CP conserving
point sufficiently closely. This analysis constrains the ax-
ion decay constant fa (upper bound) and the initial VEV
f1 ≡ 〈a〉 of a at temperature T1. The recent study [6] in
the θ1 ≡ f1/fa versus fa plane is shown in the bottom
side of Fig. 1.
Both the WIMP CDM and axion CDM contribute to
the galaxy formation, and hence the naive N-body sim-
ulation cannot distinguish the WIMP or the axion for-
mation of galaxies. In this regard, we point out the tidal
torque theory in the case of axion CDM when the axions
go through the Bose-Einstein condensation(BEC) before
the formation era of galaxies [7]. For the case of BEC,
there can exist a net overall rotation via BEC, because
in the lowest energy state all axions fall with the same
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FIG. 1: The axion energy density curves [3, 6].
angular momentum. On the other hand, WIMPs have
an irrotational velocity field.
Two most persuasive reasons toward the very light ax-
ion are its solution of the strong CP problem and its role
in the galaxy formation. The other most conspicuous
problem, the TeV scale scalar mass problem, proposes
supersymmetry(SUSY) as its solution. Thus, the obvi-
ous combined solution for the strong CP problem and the
scalar mass problem needs supersymmetrization of an ax-
ion model, predicting its superpartner axino. The axino
has been considered in the context of the invisible axion
[8], its effects to cosmology at the eV, keV, GeV, and TeV
scales [9–12]. The axino interaction with electron, saxion
effects, and the hot thermal loop contribution have been
considered in [13]. In all these cosmological applications,
2the magnitude of the axino mass is crucial [14].
The axino mass has been considered for the case with
an accidental symmetry [15], in plausible SUGRA models
[16], and most recently in a general framework taking into
account the axino-gravitino mixing [17].
II. THE PQ SYMMETRY IN SUPERGRAVITY
The axion in the spontaneously broken PQ is
parametrized by
fae
ia/fa =
∑
i
vie
iai/fi (1)
which is a ∝ ∑i vieiai/fi in the small field approxi-
mation. Our question is, “With SUSY, how can we
define the pseudo scalar a in a spontaneously broken
PQ symmetry? Or more generally, in a spontaneously
broken global symmetry?” For this, it is customary to
parametrise the SUSY breaking with the PQ symmetry.
The prototype form is [18],
W = Z1(S1S2 − f21 ) + Z2(S1S2 − f22 ), with f1 6= f2,(2)
where the chiral superfields are Z1, Z2, S1, and S2. The
axion superfield A is composed of axion a, saxion s, and
axino a˜,
A =
1√
2
(s+ ia) +
√
2a˜ ϑ+ FAϑ
2 (3)
where FA is auxiliary field and is not treated as an inde-
pendent field. In other words, FA is expressible in terms
of dynamical fields. In SUGRA, we need the Ka¨hler po-
tentialK and the potential V which is a function of chiral
scalar fields φi and superfields Φi ∋ φi,
K =
∑
I,J
∑
i,j
fI(φi)gJ (φj) + h.c.+ · · · ,
V =

∑
A,B
∑
i,j
∫
d2ϑd2ϑpA(Φi)qB(Φj) + h.c.

+ · · ·
(4)
The question is how we write the field A in W and K.
If the PQ symmetry is linearly realized, A must come
from a combination of chiral fields. In Eq. (1), the axion
field appears in the exponent in the linear realization,
i.e. as the phases of the PQ charge nonzero fields. In
Fig. 2, we show how the axion field shifts under the PQ
transformation. So, the ϑ0 component of A cannot be a
radial field. Thus, there is a need to introduce the radial
field corresponding to A. Let us call the radial fields as
ϕ type fields. For example, the radial field corresponding
to A, ϕA, is composed of two real fields ρ⊥ and ImϕA.
So is any radial field corresponding to the phase shift i:
ϕi. Their VEVs are 〈ϕA〉 = Va and 〈ϕi〉 = vi. Also, ϑ0
component of A is composed of two real fields s and a,
• ϕA
a
V
a
2πfa 2πfa 2πfa 2πfa
NDW = 4
〈ϕ〉
ǫ
fa + ǫ
2fa + ǫ
3fa + ǫ
4fa + ǫ
FIG. 2: The phase shift of the PQ charged field along the blue
valley. In the upper figure, it is the valley of the Mexican hat,
separated by the axion domain wall number NDW = 3. The
radial field ϕA is not the real ϑ
0 part of axion superfield A.
In the lower figure, the shift is shown for NDW = 4 [17, 19].
and its VEV is defined to be vanishing 〈A〉 = 0. The
axion decay constant is the VEV of the radial field ϕA.
Thus, the SUSY generalization of Eq. (1) is
Γaϕae
A/fa =
∑
i
vi
Va
Γiϕi e
A/fa (5)
where Γ’s are the PQ charges of the chiral fields, and ϕi
appears as the coefficient outside the exponent.
The model-independent axion in superstring models
is combined with the dilaton to make a supermultiplet
[20], D = 1g2 + i
aMI
8πMP
−→ s + fMI8π eiaMI/fMI , where
fMI ∼ 1016GeV [21], and 〈s〉 ≃ 2MP is not the ϕ
type field. Because the corresponding U(1) is gauged,
aMI is absorbed to the U(1) gauge boson, and the U(1)
symmetry remains as a global PQ symmetry below the
scale fMI . Since this anomalous model-independent ax-
ion is given as a nonlinear form in string models, there
is no accompanying ϕ type field. Below fMI , the re-
sulting pseudo-Goldstone boson will accompany a ϕ type
field. Probably, this model independent axion is the only
place for the axion not accompanying its ϕ type field in
SUGRA axion models. Maybe, supersymmetrization of
composite axion models [22] encounter a similar situa-
tion.
III. GOLDSTINO, AXION AND AXINO
The axion component is defined in Eq. (5). So, what-
ever the non-vanishing PQ charge carrying F-terms are,
the axion is properly defined only by the PQ charge carry-
ing ϑ0 terms. However, the nonvanishing F-terms define
the Goldstino component.
When fields carrying the PQ charges develop VEVs,
the PQ symmetry is broken. When fields develop F-
terms, SUSY is broken. In addition, if the F-term car-
ries the nonvanishing PQ charge, then the PQ symmetry
3M ∗
X˜ X˜
H˜u
Hd
X˜2
X1
F 1, F 2, F 3, · · · F =√∑i F iFi gµν
↓
ψµ↑0 F2
FN↑ ⊥↑
↑
spin-12 : x˜1 x˜2 · · · x˜N G˜(goldstino)
↑↑ ↓
spin-0 : x1 x2 · · · xN g
X1 X2 · · · XN Z
FIG. 3: The axino and Goldstino. In the top figure, the Kim-
Nilles mechanism is shown as superpotential terms. In the
bottom figure, the origin of axion and Goldstino are shown.
is also broken. However, the F-term is auxiliary, and
hence the PQ symmetry breaking can only be discussed
in terms of coefficient fields of ϑ0 component of A. This
can be most succinctly presented with the following W
and K, suppressing the coupling constants,
W = X1X2X +HuHdX +MXX, K =
HuHd
MP
X∗ ,
which allow the PQ charges of the fields as, Γ(Hu) =
1,Γ(Hd) = 1,Γ(X1) = −1,Γ(X2) = −1,Γ(X) = 2, and
Γ(X) = −2. The Giudice-Masiero mechanism [23] uses
F ∗-term of X∗ in K with µGM =
1
MP
F ∗X =
1
MP
∂W
∂X =
X1X2
MP
. On the other hand, the Kim-Nilles employs the
PQ invariant nonrenormalizable term W = X1X2MP HuHd,
leading to µGM =
X1X2
MP
[24]. In the top figure of Fig.
3, the relevant Feynman diagram is shown. Thus, in the
full theory, they must give the same or similar results.
For the effective electroweak(EW) scale interaction, we
need not consider the F-term for the global symmetry
breaking. Recently, supersymmetric axion models got a
lot of interest in view of the recent LHC data [25].
Supersymmetry is spontaneously broken when the po-
tential has nonzero VEV, 〈V 〉 = ∑i F iFi > 0 where
F i ≡ Kij¯Fj¯ . Then, there should be a massless fermion,
Goldstino. In supergravity, it is absorbed to the longitu-
dinal component of gravitino ψµ through the super-Higgs
mechanism. The Goldstino superfield, to which Gold-
stino belongs, can be defined by Z =
∑
i
F i
F Xi, where
F =
√∑
i F
iFiwhich becomes the F-term of Z. Among
Xi, the axion superfield is defined by the PQ charges of
Xi. All the other chiral fields orthogonal to A are called
coaxino directions as shown in the bottom figure of Fig.
3. Then, we can consider two cases in which the axion su-
perfield A allows: (1) FA 6= 0, or (2) FA = 0, but FA 6= 0
from Ka¨hler mixing with other SUSY breaking fields. In
any case, FA 6= 0 which is shown in the top figure of Fig.
4. Definition of axion a can be given without an ambigu-
ity as shown in the lower-left corner of the top figure of
Fig. 4. If all the Planck scale related contributions are
FA 6= 0, FC 6= 0 F =
√∑
i F
iFi
↑
FCFA 6= 0
↑
a˜
⊥
FA′ 6= 0
↑
↓
s′ + ia′
gµν
↓
ψµ
c˜(coaxino)a˜′(axino′) , G˜(goldstino)
↑↑ ↓
cs + ia g
CA A′ Z
〈S〉
a˜ a˜
Q Q
mgluino
〈S〉
Q˜
Q
Q˜
Q
FIG. 4: The FA 6= 0 (gravity mediation) and gaugino (gauge
mediation) contributions to the axino mass.
not important, such as in the GMSB scenario, the gaug-
ino mass contribution dominates. For the KSVZ axion,
the gaugino contribution to axino mass is shown in the
bottom figure of Fig. 4. Anomaly mediation can con-
tribute too near the Planck scale, but it is subdominant
to the gravity mediation contribution. So axino mass is
parametrized as
ma˜ =
(
ξgoldstino +
∑
I=terms in W
ξanomI
)
m3/2
+
∑
a=gaugino
ξam1/2 ,a.
(6)
IV. AXINO MASS
Definition of Goldstino Z˜ can be given without an am-
biguity as shown in the upper-right corner in the top
figure of Fig. 4. But, axino a˜ is defined such that it be-
longs to a subset of a˜ ⊥ Z˜ if there are many coaxinos.
Therefore, there is no reason that a˜ is the ϑ1 component
of a.
In [15], the possiblility of keV axino was discussed in
case the superpotential has an accidental symmetry. The
keV [10] and even eV [9] range axino masses are possible
with some accidental symmetries. The accidental sym-
metries may forbid the leading order masses of the scales
m3/2 and m1/2 ,a.
In the gravity mediation scenario, m3/2 is a TeV scale
and the axino mass depends on the Ka¨hler potential.
With the axino-Goldstino mixing, it has been calculated
recently in [17].
In the gauge mediation scenario, m3/2 is negligible and
the axino-Goldstino mixing does not give a significant
contribution. Then, the loops may give the dominant
4Model S1 S2 QL QR Hd Hu qL D
c
R U
c
R
KSVZ 1 −1 − 1
2
− 1
2
0 0 0 0 0
DFSZ 1 −1 0 0 −1 −1 ℓ 1− ℓ 1− ℓ
TABLE I: The PQ charge assignment Q. QL and QR denote
new heavy quark multiplets.
contribution. But the accidental symmetry may forbid
diagrams of the form in the bottom figure of Fig. 4. The
superpotential may introduce a nonrenormalizable term
suppressed by MP , and then the expansion parameter
is fa/MP ∼ 10−7. Thus, the axino mass diagram of
Fig. 4 is further suppressed by ∼ 10−7 and we expect
10 GeV · 10−7 ≃ 1 keV. If it is further suppressed, then
the estimated axino mass is of order 10−3 eV.
A. Gaugino contribution to the KSVZ axino mass
In the KSVZ approach, one introduces the heavy quark
fields QL and QR in the superpotential as [26],
WKSVZ = m
3Θ eA/fa +fQQLQR ϕe
A/fa . (7)
The PQ symmetry is given near the ǫ point in the bottom
figure of Fig. 2, with Γ(QL) = −1/2,Γ(QR) = −1/2,
and Γ(X) = 1. Near ǫ, there is no ϕ type field. But
near NDW, QL and QR are not of the ϕ type, only X
is a ϕ type field, and Q obtains the heavy quark mass
mQ = fQ〈ϕ(X)〉.
It can be rephrased as follows. After integrating out
heavy scalars by ϕ = fa, for the heavy quark interaction
with A we havemQQLQRe
A/fa . Technically, we loose the
PQ quantum number information of heavy quarks since
they do not have a ϕ type component but only the phase
dependence by the original PQ charges. These phases
can be rotated away by redefining the phases of QL and
QR. This heavy quark interaction with A generates the
two loop mass of order 10 GeV as shown in the bottom
figure of Fig. 4.
B. Gaugino contribution to the DFSZ axino mass
In the DFSZ framework, the SU(2)L×U(1)Y Higgs
doublets carry PQ charges and thus the light quarks are
also charged under U(1)PQ [27]. The charge assignment
is shown in Table I. So, the superpotential is written as
WDFSZ =WPQ +
fs
MP
S21HdHu, (8)
where HdHu ≡ ǫαβHαdHβu . Integrating out S1, we have
WDFSZ = µe
2A/faϕ(Hd)ϕ(Hu)e
−2A/fa
+ fuqLe
ℓθucRe
(1−ℓ)θϕ(Hu)e
−A/fa
+ fdqLe
ℓθdcRe
(1−ℓ)θϕ(Hd)e
−A/fa .
(9)
For the quarks, they do not contain the ϕ type fields since
they do not contribute to V 2a of Eq. (5) and their phase
is just a phase parameter θ. This θ can be removed by
redefining the phases of quarks, and we obtain
WDFSZ = µ
vuvd
2
+ (mttLt
c
R +mbbLb
c
R + · · · )eA/fa (10)
V. GRAVITY MEDIATION,
AXINO-GOLDSTINO MIXING, AND AXINO
MASS
In the Higgs mechanism, after the gauge symmetry is
broken, there appears the exactly massless longitudinal
component of the gauge boson. There exists the massless
pseudoscalar direction in the mass matrix of pseudoscalar
fields. In the super-Higgs mechanism, correspondingly
there appears the exactly massless spin- 12 direction, the
Goldstino direction, which is absorbed to the spin- 32 grav-
itino to render it mass m3/2. So, the mass matrix for the
spin- 12 chiral fields has the m = 0 direction which is in-
terpreted as the Goldstino direction.
The PQ symmetry must be respected in W and K.
In W , we assumed that the PQ symmetry is linearly
realized. In the Ka¨hler potential, complex scalar fields
φi and their complex conjugates φ
∗
i appear. The axion
superfields A appear in the exponent. Therefore, the ex-
ponent must not involve a explicitly, i.e. K contains only
the A function of the form A+A∗.
If the gravity mediation dominates, then the axino
mass is of orderm3/2. Without the axino-Goldstino mix-
ing in the Ka¨hler potential, the axino direction is the
same as that of axion and the superpotential determines
the axino mass. It means that axino mass arises from
loop diagrams as in Fig. 4. Therefore, without the axino-
Goldstino mixing in the Ka¨hler potential, axino mass is
not going to be larger than 10 GeV. Thus, a very heavy
axino mass is possible only if there is a significant A−Z
mixing in the Ka¨hler potential.
Chun and Lukas studied axino with the minimal
Ka¨hler form [16]. Here we go beyond the minimal
Ka¨hler form, work with the PQ symmetry realized in
the Nambu-Goldstone manner, and include the effects of
F-terms of the PQ charged fields which affect the axino
component.
The lowest order terms in the Ka¨hler potential with
some mixing with SUSY breaking coaxino C are
K =
1
2
(A+A∗)2 + ǫ(A+A∗)(C + C∗)
+ CC∗ +M(A+A∗).
(11)
The SUSY breaking is parametrized by an auxilliary
holomorphic constant Θ, Θ = 1 + mSϑ
2. If there
are coaxions then the superpotential can be taken as
W (C) = C
4
MP
Θ+· · · , with 〈W (C)〉 =M3 ∼ (1013 GeV)3.
The simplest case for axino-Goldstino mixing is for one
co-axino case, just the Goldstino. Then we consider a
52 × 2 mass matrix of the chiral spinor fields. Here, we
require three plausible conditions:
(i) The vanisihing CC condition,
Gij¯GiGj¯ = 3M
2
P , (12)
where where G = K +M2P ln |W |2.
(ii) The vacuum stabilization condition,
Gjk¯Gk¯∇iGj +Gi = 0. (13)
(iii) For the U(1) invariance condition, we use
K = K(A+A∗, C, C∗) (14)
W = Θ eαA/faW (C). (15)
If there are more than one coaxino, we have W =
W (C) eαA/fa × eαA1/f1 × · · · . The superpotential
in (15) preserves the shift symmetry of A since in
G = K + ln |W |2, the |W |2 part is read as |W |2 =
|W (C)|2Θ eα(A+A∗)/fa .
We considered the axino mass matrix given by
m = m3/2
[
∇iGj + 1
3
GiGj
]
(16)
for two classes of 〈C〉 = 0 and 〈C〉 6= 0 [17].
In Ref. [17], we studied two cases for GA = 0 and
GA 6= 0 in some detail and found that there is no clear
lower bound on the axino (a˜ ⊥ (m = 0 component))
mass. However, the expression shows the plausible lower
limit of ma˜ & m3/2. For example, Case for GA = 0 and
GA 6= 0 is studied with
K =
1
2
(A+A∗)2 + CC∗ + ǫ(A+A∗)(C + C∗),
W = eαA/faW (C).
(17)
The reason we can study the case in some detail is that
at the quadratic level, the Ka¨hler potential is fixed as
given in Eq. (17). In this case, ma˜ ≥ m3/2. This sim-
ple calculation is in the interaction picture. In addition,
kinetic mixing can be taken into account also. Our sim-
ple result is that the axino mass is of order the gravitino
mass, and probably larger than the gravitino mass. This
detail study is for the one coaxino case. Many coaxinos
can be different from this result.
VI. A NEW SIMPLE PARAMETRIZATION OF
THE CKM MATRIX
The discussion on the strong CP is not separable from
the discussion of the weak CP violation [3]. Recently,
it has been pointed out that a new parametrization of
the CKM matrix VCKM (≡ V below) with one row (or
column) real is very useful to scrutinize the physical ef-
fects of the weak CP violation. Then, the elements of the
determinant directly give the weak CP phase [28]. The
physical significance of the weak CP violation is given by
the Jarlskog determinant which is a product of two ele-
ments of V and two elements of V ∗ of the CKM matrix,
e.g. of the type V12V23V
∗
13V
∗
22. This Jarlskog determinant
is just twice the area of the Jarlskog triangle. In Ref. [30],
we have shown that one easily obtains the Jarlskog deter-
minant from V . For example, the Jarlskog determinant J
is the imaginary part of the product of the skew diagonal
elements, J = |ImV13V22V31|. To relate the product of
four elements of V and V ∗ to a product of three elements
of V can be proved as follows.
If the determinant of V is real, we have 1 =
V11V22V33 − V11V23V32 + V12V23V31 − V12V21V33 +
V13V21V32 − V13V22V31. Multiplying V ∗13V ∗22V ∗31 on both
sides, we obain
V ∗13V
∗
22V
∗
31 = |V22|2V11V33V ∗13V ∗31 − V11V23V32V ∗13V ∗31V ∗22
+ |V31|2V12V23V ∗13V ∗22 − V12V21V33V ∗13V ∗31V ∗22
+ |V13|2V21V32V ∗31V ∗22 − |V13V22V31|2.
(18)
We will show that the imaginary part of the left-hand
side (LHS) of Eq. (18), i.e. |ImV31V22V13|, is the Jarl-
skog determinant J . Firstly, consider the second term on
the right-hand side (RHS), −V11V23V32V ∗13V ∗31V ∗22. It con-
tains a factor V32V
∗
22, which is equal to −V31V ∗21−V33V ∗23
by the unitarity of V . Then, −V11V23V32V ∗13V ∗31V ∗22 =
V11V23V
∗
13V
∗
21|V31|2 + V11V33V ∗13V ∗31|V23|2. Especially, the
second term V11V33V
∗
13V
∗
31|V23|2 combines with the first
term of Eq. (18), |V 222|V11V33V ∗13V ∗31, to make (1 −
|V21|2)V11V33V ∗13V ∗31. Second, note that the fourth term
on the RHS of Eq. (18), −V12V21V33V ∗13V ∗31V ∗22 containing
the factor V33V
∗
31 = −V23V ∗21−V13V ∗11. These are used to
show [30]
V ∗13V
∗
22V
∗
31 = (1− |V21|2)V11V33V ∗13V ∗31
+ V11V23V
∗
13V
∗
21|V31|2 + (1− |V11|2)V12V23V ∗13V ∗22
+ |V13|2(V12V21V ∗11V ∗22 + V21V32V ∗31V ∗22)
− |V13V22V31|2.
(19)
Let the imaginary part of V11V33V
∗
13V
∗
31 be J . From
V ∗11V13 + V
∗
21V23 + V
∗
31V33 = 0, we have |V11|2|V13|2
+V11V23V
∗
13V
∗
21+V11V33V
∗
13V
∗
31 = 0; so the imaginary part
•O(λ)
O(λ)
λ5
δ
FIG. 5: The Jarlskog triangle. This triangle is for two long
sides of O(λ). Rotating the O(λ5) side (the red arrow), the
CP phase δ changes.
6of V11V23V
∗
13V
∗
21 is −J . From V11V ∗31+V12V ∗32+V13V ∗33 =
0, we have V11V33V
∗
13V
∗
31 + V12V33V
∗
32V
∗
13 + |V ∗13V33|2 = 0.
And, from V ∗12V13 + V
∗
22V23 + V
∗
32V33 = 0, we have
V12V33V
∗
32V
∗
13 + V12V23V
∗
22V
∗
13 + |V ∗12V13|2 = 0. These two
combine to show that the imaginary part of V12V23V
∗
22V
∗
13
is J . On the other hand, from V ∗11V12+V
∗
21V22+V
∗
31V32 =
0, we know V21V32V
∗
22V
∗
31+V12V21V
∗
11V
∗
22+|V ∗21V22| = 0; a
similar argument applies to the vanishing imaginary part
of (V21V32V
∗
22V
∗
31 + V12V21V
∗
11V
∗
22). Thus, the imaginary
part of the RHS of Eq. (19) is [(1−|V21|2)−|V31|2+(1−
|V11|2)]J = J .
We can argue that the maximality of the weak CP vio-
lation is a physical statement. The physical magnitude of
the weak CP violation is given by the area of the Jarlskog
triangle. For any Jarlskog triangle, the area is the same.
With the λ = sin θC expansion, the area of the Jarlskog
triangle is of order λ6. In Fig. 5, we show the triangle
with two long sides of order λ. Rotating the O(λ5) side
(the red arrow of Fig. 5), the CP phase δ and also the
area change. The magnitude of the Jalskog determinant
is J ≃ λ6|V13V31/λ6| sin δ. From Fig. 5, we note that the
area is maximum for δ ≃ π2 , and the maximality δ = π2
is a physical statement. The maximal CP violation can
be modeled as recently shown in [31].
VII. CONCLUSION
Our result for the axino mass is: (1) Axino mass can
take any value depending on the axion model and SUSY
breaking scheme, and (2) We prefer the case for a heavier
axino mass compared to the gravitino mass in the grav-
ity mediation. After properly defining the Goldstino and
axion multiplets, we presented our discussion on the ax-
ino mass in the most general framework. For only two
light superfields of Goldstino and axino, we obtain for
GA = 0 where G = K + ln |W |2, ma˜ = m3/2 with the
axino-gravitino mixing parameter ǫ in the Ka¨hler poten-
tial. For GA 6= 0, we showed that the axino mass depends
on the details of the Ka¨hler potential. But there is an-
other parameter proportional to the gaugino masses, and
we can take a wide range of the axino mass for cosmologi-
cal applications. If the gravity mediation is the dominant
one, the axino mass is probably greater than the grav-
itino mass, but its decay to gravitino is negligible due to
the small gravitino coupling. Still, it softens the cosmo-
logical gravitino problem [32] somewhat as discussed in
Ref. [12, 33].
Acknowledgments
This work is supported in part by the Korea NRF grant
No. 2005-0093841.
[1] B. W. Lee and S. Weinberg, Cosmological lower bound on
heavy neutrino masses, Phys. Rev. Lett. 39 (1977) 165.
[2] J. Preskill, M. B. wise and F. Wilczek, Cosmology of the
invisible axion, Phys. Lett. B120 (1983) 127; L. F. Ab-
bott and P. Sikivie, A cosmological bound on the invisi-
ble axion, Phys. Lett. B120 (1983) 133; M. Dine and W.
Fischler, The not so harmless axion, Phys. Lett. B120
(1983) 137.
[3] For a recent review, see, J. E. Kim and G. Carosi, Axions
and the strong CP problem, Rev. Mod. Phys. 82 (2010)
557 [arXiv: 0807.3125[hep-ph]].
[4] E. W. Kolb and M. S. Turner, The Early Universe
(Addison-Wesley Publishing Co., Redwood City, CA,
1990).
[5] H. Goldberg, Constraint on the photino mass from cos-
mology, Phys. Rev. Lett. 50 (1983) 1419 and ibid. 103
(2009) 099905(E).
[6] K.-J. Bae, J.-H. Huh and J. E. Kim, Update of axion
CDM energy density, J. Cosm. and Astropart. Phys.
0809 (0) ,05 (2008) [arXiv: 0806.0497].
[7] P. Sikivie and Q. Yang, Bose-Einstein condensation of
dark matter axions, Phys. Rev. Lett. 103 (2009) 111301
[arXiv:0901.1106[hep-ph]].
[8] H. P. Nilles and S. Raby, Supersymmetry and the strong
CP problem, Nucl. Phys. B198 (1982) 102; J.-M. Frere
and J.-M. Gerard, Axions and supersymmetry, Lett.
Nuovo Cimento. 37 (1983) 135.
[9] J. E. Kim, A. Masiero and D. V. Nanopoulos, Cosmolog-
ical gravitino decay and regeneration, Phys. Lett. B139
(1984) 346; K. J. Bae, E. J. Chun and S. H. Im, Cosmol-
ogy of the DFSZ axino, J. Cosm. and Astropart. Phys.
1203 (2012) 013 [arXiv:1111.5962 [hep-ph]].
[10] K. Rajagopal, M. S. Turner and F. Wilczek, Cosmological
implications of axinos, Nucl. Phys. B358 (447) 1991.
[11] L. Covi, J. E. Kim and L. Roszkowski, Axino as cold dark
matter, Phys. Rev. Lett. 82 (1999) 4180; L. Covi, H. B.
Kim, J. E. Kim, and L. Roszkowski, Axinos as dark mat-
ter, J. High Energy Phys. 0105 (2001) 033; L. Covi, L.
Roszkowski, and M. Small, Effects of squark processes on
the axino CDM abundance, J. High Energy Phys. 0207
(2002) 023 [hep-ph/0206119]; L. Covi, L. Roszkowski,
R. R. de Austri, and M. Small, Axino dark matter and
the CMSSM, J. High Energy Phys. 0406 (2004) 003; A.
Brandenburg, L. Covi, Hamaguchi, L. Roszkowski, and
F. D. Steffen, Signatures of axinos and gravitinos at col-
liders, Phys. Lett. B617 (2005) 99 [hepph/0501287]. For
a decaying axino, see, E. J. Chun, H. B. Kim and J. E.
Kim, Dark matters in axino gravitino cosmology, Phys.
Rev. Lett. 72 (1994) 1956 [arXiv:hep-ph/9305208]; H. B.
Kim and J. E. Kim, Dark matter and structure formation
with late decaying particles, Nucl. Phys. B433 (1995) 421
[arXiv:hep-ph/9405385]; L. Roszkowski and O. Seto, Ax-
7ino dark matter from Q-balls in Affleck-Dine baryogene-
sis and the Omega(b) - Omega(DM) coincidence problem,
Phys. Rev. Lett. 98 (2007) 161304 [hep-ph/0608013];
K.-Y. Choi, L. Roszkowski and R. Ruiz de Austri, De-
termining reheating temperature at colliders with axino
or gravitino dark matter, J. High Energy Phys. 0804
(2008) 016 [arXiv:0710.3349 [hep-ph]]; A. Freitas, F. D.
Steffen, N. Tajuddin and D. Wyler, Axinos in Cosmol-
ogy and at Colliders, J. High Energy Phys. 1106 (2011)
036 [arXiv:1105.1113 [hep-ph]]; S. Chang, K. Y. Lee and
J. Song, Probing axino LSP from diphotons events with
large missing transverse energy, Phys. Lett. B717 (2012)
193 [arXiv:1112.5497 [hep-ph]]. K. Choi, K.-Y. Choi and
C. S. Shin, Dark radiation and small-scale structure prob-
lems with decaying particles [arXiv:1208.2496 [hep-ph]].
[12] K.-Y. Choi, J. E. Kim, H. M. Lee, and O. Seto,
Neutralino dark matter from heavy axino decay, Phys.
Rev. D77 (2008) 123501 [arXiv:0801.0491]. H. Baer, A.
Lessa, S. Rajagopalan, and W. Sreethawong, Mixed ax-
ion/neutralino cold dark matter in supersymmetric mod-
els, J. Cosm. and Astropart. Phys. 1106 (2011) 031
[arXiv:1103.5413 [hep-ph]].
[13] K. Tamvakis and D. Wyler, Broken global symmetries in
supersymmetric theories, Phys. Lett.B112 (1982) 451; J.
E. Kim, Effects of decay of the scalar partner of the axion
on cosmological bounds on axion supermultiplet proper-
ties, Phys. Rev. Lett. 67 (1991) 3465; S. Chang and H.
B. Kim, A dark matter solution from the supersymmet-
ric axion model, Phys. Rev. Lett. 77 (1996) 591; A. A.
Brandenburg and S. D. Steffen, Axino dark matter from
thermal production, J. Cosm. and Astropart. Phys. 0408
(2004) 008 [arXiv:hep-ph/0405158]; A. Strumia, Thermal
production of axino dark matter, J. High Energy Phys.
1006 (2010) 036 [arXiv:1003.5847 [hep-ph]]; K.-Y. Choi,
L. Covi, J. E. Kim, and L. Roszkowski, Axino cold dark
matter revisited, J. High Energy Phys. 1204 (2012) 106
[arXiv:1108.2282 [hep-ph]]; K. J. Bae, K. Choi and S.
H. Im, Effective interactions of axion supermultiplet and
thermal production of axino dark matter, J. High Energy
Phys. 1108 (2011) 065, [arXiv:1106.2452 [hep-ph]]; E. J.
Chun, Dark matter in the Kim-Nilles mechanism, Phys.
Rev. D84 (2011) 043509 [arXiv:1104.2219 [hep-ph]].
[14] For a recent review, see, L. Covi and J. E. Kim, Axinos as
dark matter particles, New J. of Phys. 11 (2009) 105003
[arXiv: 0902.0769[astro-ph/CO]]; H. Baer and A. D. Box,
Fine-tuning favors mixed axion/axino cold dark matter
over neutralinos in the minimal supergravity model, Euro.
Phys. J. C68 (2010) 523 [arXiv:0910.0333 [hep-ph]].
[15] E. J. Chun, J. E. Kim and H. P. Nilles, Axino mass, Phys.
Lett. B287 (1992) 123.
[16] E. J. Chun and A. Lukas, Axino mass in su-
pergravity models, Phys. Lett. B357 (1995) 43
[arXiv:hep-ph/9503233].
[17] J. E. Kim and M.-S. Seo, Mixing of axino and Gold-
stino, and axino mass Nucl. Phys. B864 (2012) 296
[arXiv:1204.5495 [hep-ph]]. Related papers can be found
in C. Cheung, Y. Nomura and J. Thaler, Goldstini, J.
High Energy Phys. 1003 (2010) 073 [arXiv:1002.1967],
and T. Higaki and R. Kitano, On supersymmetric effec-
tive theories of axion, [arXiv:1104.0170].
[18] J. E. Kim, A common scale for the invisible axion, local
SUSY GUTs and saxino decay, Phys. Lett. B136 (1984)
78.
[19] P. Sikivie, Of axions, domain walls and the early uni-
verse, Phys. Rev. Lett. 48 (1982) 1156; K. Choi and
J. E. Kim, Domain walls in superstring models, Phys.
Rev. Lett. 55 (1985) 2637; S. M. Barr, K. Choi and J. E.
Kim, Axion cosmology in superstring models, Nucl. Phys.
B283 (1987) 591.
[20] P. Svrcek and E. Witten, Axions in string theory, J. High
Energy Phys. 0606 (2006) 051 [arXiv:hep-th/0605206].
[21] K. Choi and J. E. Kim, Harmful axions in superstring
models, Phys. Lett. B154 (1985) 393.
[22] J. E. Kim, Composite invisible axion, Phys. Rev. D31
(1985) 1733; K. Choi and J. E. Kim, Dynamical axion,
Phys. Rev. D32 (1985) 1828.
[23] G. G. Giudice and A. Masiero, A natural solution to the µ
problem in supergravity theories, Phys. Lett.B206 (1988)
480.
[24] J. E. Kim and H. P. Nilles, The µ-problem and the strong
CP problem, Phys. Lett. B138 (1984) 150.
[25] J. E. Kim, H. P. Nilles and M.-S. Seo, Singlet super-
field extension of the minimal supersymmetric standard
model with Peccei-Quinn symmetry and a light pseu-
doscalar Higgs boson at the LHC, Mod. Phys. Lett. A27,
1250166 (2012) [arXiv:1201.6547 [hep-ph]]; K. S. Jeong,
Y. Shoji, and M. Yamaguchi, Peccei-Quinn invariant ex-
tension of the NMSSM [arXiv: 1112.1014]; J. E. Kim,
Inverted effective SUSY with combined Z′ and grav-
ity mediation, and muon anomalous magnetic moment
[arXiv:1208.5484[hep-ph]].
[26] J. E. Kim,Weak interaction singlet and strong CP invari-
ance, Phys. Rev. Lett. 43 (1979) 103; M. A. Shifman, V.
I. Vainstein, V. I. Zakharov, Can confinement ensure nat-
ural CP invariance of strong interactions?, Nucl. Phys.
B166 (1980) 4933.
[27] M. Dine, W. Fischler and M. Srednicki, A simple solution
to the strong CP problem with a harmless axion, Phys.
Lett. B104 (1981) 199; A. P. Zhytnitskii, Possible sup-
pression of axion hadron interactions, Sov. J. Nucl. Phys.
31, 260 (1980).
[28] J. E. Kim and M.-S. Seo, Parametrization of
the CKM matrix, Phys. Rev. D84 (2011) 037303
[arXiv:1105.3304[hep-ph]].
[29] C. Jarlskog, Commutator of the quark mass matrices in
the standard electroweak model and a measure of maximal
CP violation, Phys. Rev. Lett. 55 (1985) 1039; A basis
independent formulation of the connection between quark
mass matrices, CP violation and experiment, Z. Phys.
C29 (1985) 491.
[30] J. E. Kim and M.-S. Seo, A simple expression of the Jarl-
skog determinant, [arXiv:1201.3005 [hep-ph]].
[31] J. E. Kim, The CKM matrix with maximal CP viola-
tion from Z12 symmetry, Phys. Lett. B704 (2011) 360
[arXiv:1109.0995[hep-ph]].
[32] J. Ellis, J. E. Kim and D. V. Nanopoulos, Cosmologi-
cal gravitino decay and regeneration, Phys. Lett. B145
(1984) 181.
[33] J.-H. Huh and J. E. Kim, Decaying dark matter
with heavy axino, Phys. Rev. D80 (2009) 075012
[arXiv:0908.0152 [hep-ph]].
